In this review paper recent advances in chalcogene mechanochemistry are described. Three selected areas are being covered, i.e. metallurgy, materials science, and medicine. In extractive metallurgy, the processing of copper arsenic mineral enargite (Cu3AsS4) with the aim of its dearsenication and subsequent preparation of a new anticancer drug (Na3AsS4) and of copper in nanocrystalline state (≈ 20 nm) illustrate the non-traditional prospect of ore treatment. In material science, the new nanocrystalline semiconductors were synthesized mechanochemically, e.g. selenides of zinc and lead (ZnSe, PbSe) and bismuth sulphide (Bi2S3). Metal and chalcogene were applied as reaction precursors. In some cases, the amino acids (cystine, cysteine) were applied as sulphur precursor, in order to provide reactive sites on synthesized solid (PbS) for bioconjugation and to prevent agglomeration. The concept of nanomilling is described as a way to prepare eective substances for cancer treatment in medicine. In vitro activity of realgar (As4S4) as an example is described. In all three areas the focus is aimed also on industrial applications where suitable large-scale mills are described. The described examples represent the contemporary aim of mechanochemists to prepare substances with the desired properties in a reproducible way under easyoperating, environmentally friendly and essentially waste-free conditions.
Introduction
Ostwald, one of the founders of mechanochemistry, regarded it as a part of physical chemistry at the same level as thermochemistry, electrochemistry and photochemistry [1] . However, from his times the great expansion of mechanochemistry into various elds has been documented [2] . Nowadays, mechanochemistry is very well-accepted as a discipline and number of dedicated sessions in the international events can be recognized [3] .
In the period between the previous INCOME conference in Herceg Novi (2011) and the conference held in Krakow (2014), the important achievements in the eld have been reached. Among others, the comprehensive reviews on mechanochemistry have been published, where the exceptionality of various milling modes and new applications can be well-traced [2, 416] . The aim of this review paper is to illustrate the recent impacts on such elds like extractive metallurgy, materials science, and medicine.
Extractive metallurgy
According to classical view, extractive metallurgy is the art and science of extracting metals from their ores by chemical methods [17] . It is divided into three subdisciplines: hydrometallurgy, pyrometallurgy and electrometallurgy.
The most convincing intervention of mechanochemistry into metallurgical operations has been obtained in hydrometallurgy [18, 19] , which is science and technology of extracting metals from minerals by using aqueous/non-aqueous solutions.
Recently, the multistep metallurgical process including mechanochemical steps for the treatment of enargite * corresponding author; e-mail: balaz@saske.sk concentrate has been developed [20] . Enargite (Cu 3 AsS 4 )
prevails among copper-bearing minerals with high Cu content, but it is combined, unfortunately, with high As content. There are several hydrometallurgical options to treat enargite including acid leaching, ammonia leaching and bio-leaching. However, the most eective solution for selective removal of As from enargite seems to be alkaline leaching [2123] . In combination with mechanochemistry, the eective process can be developed as illustrated
by Fig. 1 , where the simplied owchart with ve steps of treatment is depicted. Fig. 1 . Multistep process of enargite treatment with intervention of mechanochemistry [20] .
Finally, nanocopper and sodium thioarsenate Na 3 AsS 4 as potential anticancer drug can be obtained from enargite mineral [20] . This treatment typically illustrates the principal possibility of transforming minerals to products with advanced applications. As latest examples the mechanochemical synthesis of clausthalite (lead selenide PbSe) and bismuthine (bismuth sulphide Bi 2 S 3 ) can be given [37, 44] . In the rst case ( Fig. 2) , the product was prepared in an industrial eccentric vibratory mill (milling time is given in the gure). The preparation of lead sulphide PbS from lead ac-
has been reported recently [46] . The morphology of the synthesized PbS nanocrystals is documented by Fig. 4 . The progress of the mechanochemical synthesis can be clearly seen. During the milling the originally brous structure of ESM (Fig. 5a ) is almost completely destructed and large amorphous clamps with the residues of bers can be seen (Fig. 5b) . After supplying the additional milling energy, the particles of PbS with an exotic morphology are formed (Fig. 5c,d ). The brous structure of ESM has completely disappeared and its residue became part of the product. The presence of lead sulphide was conrmed by X-ray diraction (XRD) and EDS analysis.
Medicine
While signicant progress in the treatment of many diseases has been made, cancer is still the second leading cause of death in the world. Therefore, the search for new anticancer drugs still remains a real issue.
Nanomilling [4, 4952] reactor. Dierent types of mills suitable for the largequantity production can be used [19] . As an example, which is in accordance with the topic of this paper, several types are shown in Fig.7 . Fig. 7 . Industrial mills used for applications in (a) extractive metallurgy: stirred ball mill [19] , (b) materials science: eccentric vibratory mill [65] and (c) pharmaceutical industry: stirred ball mill (the milling chamber of the large-scale mill is marked with the arrow) [4] .
Conclusions
After successful application to processing of minerals, mechanochemistry is heading for new elds of study such as preparation of nanocrystalline substances and nanodrugs [10] . In this review, updated information from the eld of extractive metallurgy, materials science, and medicine is provided.
